Abscission occurs specifically in the abscission zone (AZ) tissue as a natural stage of plant development. Previously, we observed delay of tomato (Solanum lycopersicum) leaf abscission when the LX ribonuclease (LX) was inhibited. The known association between LX expression and programmed cell death (PCD) suggested involvement of PCD in abscission. In this study, hallmarks of PCD were identified in the tomato leaf and flower AZs during the late stage of abscission. These included loss of cell viability, altered nuclear morphology, DNA fragmentation, elevated levels of reactive oxygen species and enzymatic activities, and expression of PCD-associated genes. Overexpression of antiapoptotic proteins resulted in retarded abscission, indicating PCD requirement. PCD, LX, and nuclease gene expression were visualized primarily in the AZ distal tissue, demonstrating an asymmetry between the two AZ sides. Asymmetric expression was observed for genes associated with cell wall hydrolysis, leading to AZ, or associated with ethylene biosynthesis, which induces abscission. These results suggest that different abscission-related processes occur asymmetrically between the AZ proximal and distal sides. Taken together, our findings identify PCD as a key mechanism that occurs asymmetrically during normal progression of abscission and suggest an important role for LX in this PCD process.
INTRODUCTION
Abscission is a highly temporally and spatially regulated process in which various organs, including leaves, flowers, and flower organs or fruits are separated from the mother plant Leslie et al., 2007) . The basis for organ abscission is considered to be a cell separation process, which occurs specifically in the preformed abscission zone (AZ) tissue located at the base of the organ to be shed. The AZ is morphologically and physiologically distinct from neighboring cells and includes smaller-sized, cytoplasmically dense cells forming from one to ;50 cell layers in different plants (Osborne and Sargent, 1976; Roberts et al., 1984; Leslie et al., 2007; van Nocker, 2009) .
Based on anatomical, physiological, genetic, and molecular studies, the abscission process requires four successive phases for its successful execution Patterson, 2001; Taylor and Whitelaw, 2001; Jarvis et al., 2003; Leslie et al., 2007) . The first phase involves early differentiation of cells localized at the site of the future organ separation into a determined AZ. In the second phase, the differentiated AZ acquires competence to respond to the abscission signal(s), presumably via developmental and hormonal cues. The third phase is an ethylene-mediated execution of abscission via a cell separation process, which involves a major induction of cell wall-modifying and hydrolytic enzymes, causing degradation of the middle lamella between AZ cells to allow physical separation of the abscised organ from the mother plant. The last phase, which overlaps with stage three and follows detachment, includes the development of a protective layer at the surface of the exposed tissue, creating a scar at the site of organ detachment on the plant body.
In recent years, progress has been made in the study of several phases of the abscission process largely in Arabidopsis thaliana, tomato (Solanum lycopersicum), and citrus model systems. Several proteins have been shown to have a regulatory role in abscission, including potential signal molecules and receptors (Lewis et al., 2006; Cho et al., 2008; McKim et al., 2008; Stenvik et al., 2008; Liljegren et al., 2009; van Nocker, 2009 ). Transcriptomic analyses during abscission have identified genes that are regulated during this process (Cai and Lashbrook, 2008; Agustí et al., 2009; Meir et al., 2010) .
The AZ acquires competence to respond to ethylene, known to induce or accelerate abscission (Taylor and Whitelaw, 2001; Binder and Patterson, 2009) . In many cases, the abscission process is induced by ethylene, while the rate and degree of abscission depends upon the endogenous balance between auxin and ethylene levels in the tissue (Patterson, 2001; Taylor and Whitelaw, 2001; Roberts et al., 2002; Meir et al., 2006 Meir et al., , 2010 : Auxin concentrations must be reduced in the AZ to render it sensitive to ethylene, which promotes the advancement of abscission (Abeles and Rubinstein, 1964; Sexton and Roberts, 1982) . Based on expression patterns and modulation in transgenic plants and mutants, genes encoding polygalacturonases (PGs) and b-1,4-glucanases (cellulases) have been suggested to play a central role in the execution of cell separation (Greenberg et al., 1975; Lashbrook et al., 1998; Brummell et al., 1999; Hong et al., 2000; Gonzá lez-Carranza et al., 2007; Jiang et al., 2008; Ogawa et al., 2009) . Other proteins associated with the AZ are expansin (Cho and Cosgrove, 2000; Belfield et al., 2005) , pathogenesis-related proteins (Eyal et al., 1993; Coupe et al., 1997) , and metallothioneins (Coupe et al., 1995) , but their role in the process is not yet clear.
We previously showed that inhibiting expression of the ribonuclease gene LX results in retardation of leaf abscission in tomato (Lers et al., 2006) . Tomato LX ribonuclease (LX) is a T2/S-like ribonuclease whose expression is known to be associated with phosphate starvation, ethylene responses, senescence, and programmed cell death (PCD) (Lers et al., 1998; Lehmann et al., 2001; Kö ck et al., 2006) . Specific induction of the LX protein was detected around the mature tomato's AZ tissue. In a parallel study, we found that gene expression of the Arabidopsis nuclease BFN1 is associated with PCD and is induced in the AZ. The AZ-specific expression of BFN1 promoter was found to be conserved in both tomato leaf and flower/fruit AZs (Farage-Barhom et al., 2008) . Based on these observations, we hypothesized that PCD is involved in abscission and is required for its normal progression and that LX has an important functional role in this PCD.
The results of the experiments described in this report provide considerable evidence for the occurrence and importance of PCD during the late stage of abscission and for its requirement for normal progression of the process. We further show that this PCD process occurs asymmetrically (i.e., only on the distal side of the fracture plane), indicating that differential abscissionrelated processes occur on the proximal and distal sides of the AZ. We propose that this spatial asymmetry is of functional significance for the abscission process.
RESULTS

Flower Abscission Is Delayed in LX-Inhibited Plants
We previously documented significant inhibition of tomato leaf abscission in LX-deficient transgenic plants (Lers et al., 2006) . We examined whether or not flower abscission is also suppressed in three independent LX-inhibited tomato lines. Abscission was induced by removing flowers, and pedicel abscission was recorded. A marked difference was measured 24 h after induction of flower pedicel abscission ( Figure 1A ). About 85% of the total pedicels had abscised in the wild type, in comparison to 47, 26, and 53%, respectively, in the transgenic lines H9, T2, and A2. LX protein levels measured in the flower AZ, 5 h after induction of abscission, confirmed lower LX expression in the transgenic plants ( Figure 1B ) but do not necessarily represent fully the levels of LX protein in the AZ of flower pedicels scored for abscission.
The plant hormones ethylene and auxin play central roles in regulating tomato organ abscission by inducing and inhibiting it, respectively. We had previously shown that ethylene induces LX expression at both the RNA and protein levels in the leaf (Lers et al., 1998 (Lers et al., , 2006 . We tested whether the expression of the LX gene is accordingly regulated by these hormones using microarray analysis (Meir et al., 2010) . AZ-specific expression of LX was activated following induction of pedicel abscission by flower removal, and this activation was nullified by either pretreatment with the ethylene action inhibitor 1-methylcyclopropene (1-MCP) or by application of the auxin indole-3-acetic acid (IAA) to the tomato pedicel following flower removal (Figure 2 ). Auxin also nullified the ethylene-induced expression of the LX protein in the leaf tissue (see Supplemental Figure 1 online). When external Abscission of flower pedicels was induced in the wild type (WT) (VF36) and three independent LX-inhibited tomato lines (H9, T2, and A2) by flower removal.
(A) The accumulated number of abscising pedicels after 24 h was recorded, and the percentages of abscising pedicels are presented. Four biologically independent treatments were performed in each one of the plant lines, and the total number of pedicels scored was 40 to 60. Error bars correspond to 6 SE. (B) Level of the LX protein in AZ-containing tissue collected from the different plants 5 h after induction of abscission. LX level was measured following protein extraction by immunoblot analysis.
ethylene was applied continuously to pedicels following induction of abscission, LX protein level in the AZ was not further induced, suggesting that the endogenous ethylene level is sufficient (see Supplemental Figure 2 online). External ethylene was also examined for effects on the rate of pedicel abscission in the LX-suppressed lines and was found to only partially relieve the inhibitory effect on abscission brought about by LX suppression (see Supplemental Figure 3 online).
LX Protein Is Localized on the Distal Side of the Leaf and Flower AZ Fractures
The LX protein was previously observed to be induced around the AZ tissue following induction of abscission (Lers et al., 2006) . To more precisely localize the site of LX accumulation, an immunolocalization analysis was performed on AZ-containing sections sampled at the late stage of abscission, when separation had already initiated. Interestingly, LX was detected only on the distal side of the AZ fracture or on the distal side of the AZ where separation would occur (Figures 3A and 3B) . Control preimmune serum showed no signal in adjacent tissue sections ( Figure 3C ).
This observation was further verified using immunoblot analysis. Pedicel abscission was induced in tomato flowers and 1-to 2-mm-thick tissue slices were collected separately from either side of the AZ tissue and used for immunoblot analysis. LX was detected mainly in the tissue localized on the distal side of the flower AZ relative to its low level on the proximal side, while in the nearby control tissue (non-AZ [NAZ]), almost no LX was detected ( Figure 3D ). Induction of the LX transcript, assayed by quantitative RT-PCR, was also observed mainly in the tissue distal to the AZ in both flower and leaf AZs ( Figures 3E and 3F ).
Loss of Cell Viability in the AZ prior to Leaf and Flower Abscission
To test the hypothesis that PCD is involved in tomato organ abscission, we first examined the incidence of death in cells of mature AZs, before the actual separation, using viability staining with Evans Blue (EB), a dye that is readily taken up specifically by dead cells. Positive staining was clearly observed in cells in or near the tomato leaf AZ, in which the cell separation stage of abscission was initiated (see Supplemental Figures 4A to 4C online). In some cases, EB-positive staining was observed when the initial site of the abscission fracture was visible. This was observed not only on the internal tissue but also on the external side of the halved joint tissue (see Supplemental Figures 4D and 4E online). Similarly, EB staining was observed in the AZs of tree tobacco (Nicotiana glauca) leaves during abscission and at the site of flower organ shedding in Arabidopsis (see Supplemental Figures 4F to 4H online).
Changes in Cellular and Nuclear Morphology and DNA Fragmentation Support the Occurrence of PCD during Leaf and Flower Abscission PCD involves a change in nuclear morphology, chromatin condensation, and nuclear DNA fragmentation. We examined whether any or all of these PCD hallmarks are present in the AZ tissue during the late stage of the abscission process induced by flower or leaf blade removal. Nuclear morphology was examined by fluorescence microscopy following DNA staining with 49,6-diamidino-2-phenylindole (DAPI) in the AZs of tomato flowers and leaves. In both cases, clear changes were observed in the nuclear morphology in abscission-induced AZ cells or in cells located in the surrounding tissue (Figure 4 ). Relative to control tissues, nuclei around AZ tissues after abscission induction had a markedly irregular shape, indicating chromatin disorganization and condensation ( Figures 4A to 4D) .
Sections of leaf AZ tissue, in which petiole separation was already initiated, were subjected to the TUNEL (for terminal deoxynucleotidyl transferase dUTP nick end labeling) assay (Gavrieli et al., 1992) for detection of chromosomal DNA fragmentation. Nuclei showing positive fluorescence staining were located predominantly on the distal side of the AZ fracture plane in cells localized on the edge of the leaf petiole to be separated from the main plant body ( Figure 4E ). The strongest TUNEL signal was recorded in nuclei of cells located near the fracture opening fork and below it, where the fracture is yet to be formed. No similar TUNEL-positive reaction was detected in cells located at a distance from the AZ tissue ( Figure 4E ) or in AZ tissue sections in which the abscission process had not been induced (see Supplemental Figure 5A online). The presence of DNA-containing nuclei on both sides of the AZ fracture was confirmed by DAPI staining of the same tissue sections ( Figure 4F ; see Supplemental Figure 5B online). These results indicate the occurrence of apoptotic-like features in the distal side of the AZ, supporting the involvement of PCD in abscission.
PCD in plants shows characteristic cellular, structural, and morphological features (Vanyushin et al., 2004; Cacas, 2010; van Doorn et al., 2011) . We examined the occurrence of such features around the distal side of the tomato leaf AZ in comparison to the proximal side using transmission electron microscopy at 0 to 48 h after the 24-h ethylene treatment ( Figure 5 ; see Supplemental Table 1 online). Several ultrastructural changes were detected already at the 4-h time point (see Supplemental Figure 6 and Supplemental Table 1 online), but they were much more pronounced at 48 h ( Figure 5 ). The changes were distributed gradually along the AZ fracture, according to its stage of separation, and differed between its proximal and distal sides (Figures 5B to 5K) . While changes on the proximal side were limited to only two or three cell layers bordering the fracture, they were expressed throughout multiple layers on the distal side. Cells on the proximal side were densely cytoplasmic. Frequently, such cells showed ameboid-shaped nuclei instead of the more usual rounded or oval ones, which were electron lucent ( Figure  5D ). The endomembrane system, composed of the endoplasmic reticulum (ER) and Golgi apparatus ( Figures 5B, 5C , 5E, and 5G), was well developed. The hallmark of the proximal side of the AZ was expressed in extensive accumulation of vesicular structures (Figures 5E to 5G), including paramural bodies (PBs), in which small vesicles are located between the cell wall and the plasma membrane ( Figures 5E and 5F ). PBs were frequently associated with branched plasmodesmata that interconnected adjacent cells ( Figure 5E ) but were also found at other sites along the cell margin ( Figure 5F ). The numerous branched plasmodesmata had cavities ( Figure 5F ) (Burch-Smith et al., 2011), which could be markedly expanded ( Figure 5C ). At the late stage of abscission, the cells on the proximal side began to separate by gradual dissolution of the middle lamella. Cells that remained on the mother plant still maintained the highly developed endomembrane system ( Figure 5G ). On the distal side of the AZ fracture, cells exhibited different levels of degradation and changes that were followed by fracture development ( Figures 5H to 5K ). At the fracture front ( Figure 5K ), chloroplasts were densely packed with lipid-protein plastoglobuli, and their shape changed from oval to more round due to an increase in chloroplastic volume caused by luminal swelling compared with chloroplasts in cells at equivalent position in untreated plant ( Figure 5A ). The nuclei became electron dense and condensed ( Figure 5J ). In some cells, dilation of ER was observed ( Figure 5I ). Identification of dilated ER was unambiguous, as indicated by the presence of membranebound ribosomes ( Figure 5I ). Very early during the process in some cells, a detachment of plasma membrane from the cell wall was observed (Figures 5I and 5J; see Supplemental Figure 6 online). In the cytoplasm of some cells, small lytic vacuoles were formed ( Figure 5J ). On the distal side of the mature fracture, cells eventually died, and before dying, the cytoplasm appeared to be granulated. The tonoplast of the vacuole was ruptured and other endomembrane organelles were undergoing degradation. Because usually no clearing of the cytoplasm was observed, the corpses of dead cells remained largely unprocessed ( Figure 5H ). Overall, the observed changes in cellular structural and morphological features indicate clear differences between cells localized proximal or distal of the AZ. In cells localized on the distal side, our observations are in line with the occurrence of PCD, but structural changes in cells localized on the proximal side are indicative of high metabolic activities.
Activation of Nuclease and Protease Activities and PCD-Associated Genes in the AZ
PCD has been associated with the induction of several nuclease and protease activities (Bozhkov and Jansson, 2007; Bonneau et al., 2008; Aleksandrushkina and Vanyushin, 2009; Woltering, 2010) . Using an activity gel assay, a specific nuclease activity was observed specifically in the tomato flower AZ-containing tissue, only at late stages of abscission ( Figure 6A ). Similar induction of nuclease activity was visualized specifically in the petiole AZ tissue of tree tobacco following induction of leaf abscission ( Figure 6A ). Nuclease activity was detected mainly in the tissue located on the distal side of the flower AZ ( Figure 6B ), where LX protein accumulation ( Figure 3D ) and markers of PCD (Figure 4) had also been localized. This distal side-specific nuclease might be encoded by the tomato TBN1 gene (Matousek et al., 2007) , whose expression was also found by quantitative RT-PCR to be induced mainly on the distal side of the AZ ( Figure 6C ).
Abscission-associated proteolytic activity was also identified in the late stage of the abscission process in tomato leaf AZ ( Figure 6D ) but not in young petiole in which abscission is not induced ( Figure 6D ). Specific induction of a Cys and Ser, SBT3, protease-encoding genes was observed (Figures 6E and 6F) in a microarray analysis of the abscission-related transcriptome of tomato flower AZ (Meir et al., 2010) . Pretreatment with the ethylene action inhibitor 1-MCP inhibited this expression, suggesting positive regulation by ethylene. The observed transient early induction of these genes may be a result from the ethylene produced in response to wounding due to flower removal.
Sphingosine-1-phosphate lyase (SPL) is associated with mammalian cell death signaling (Reiss et al., 2004; Oskouian et al., 2006) , and in plants, it is induced during senescence and following induction of cell death (Reiss et al., 2004; Niu et al., 2007) . The tomato SPL gene was induced in the AZ tissue at the late stage of abscission (see Supplemental Figure 7A online). The expression pattern of pirin, a PCD-related gene (Orzaez et al., 2001) , showed a transient induction in the AZ following flower removal to induce abscission and a second increase in expression during the late stage of abscission (see Supplemental Figure  7B online). Levels of the pirin transcript were significantly higher on the distal side of the flower AZ (see Supplemental Figure 7C online). The late AZ-specific increase in the expression of SPL and pirin was inhibited by 1-MCP pretreatment. For observing nuclear morphology, abscission was induced either by flower removal or leaf deblading followed by a 24-h exposure to ethylene, and the pedicel or petiole AZs were separated at the late stage of the process. The exposed AZ fracture plane surfaces were subjected to DAPI nuclear staining. The position of cells within the tissue is labeled on the light microscopy image in the top left corner (arrow marks the AZ fracture plane). Asterisks mark detachment of plasma membrane from the cell wall. Cell organelle labeling: c, chloroplast; cw, cell wall; er, endoplasmic reticulum; ga, Golgi apparatus; lv, lytic vacuole; m, mitochondria; n, nucleus; p, plasmodesmata; pb, paramural body; v, vacuole.
Reactive Oxygen Species and Activation of the NADPH Oxidase Gene Occur in the Flower AZ following Induction of Abscission
The involvement of reactive oxygen species (ROS) in PCD processes in plants has been demonstrated (Gadjev et al., 2008) . To examine whether differences in ROS levels can be visualized near the AZ following induction of the abscission process, staining of flower AZ cross sections with the fluorescent ROS indicator dye 2',7'-dichlorofluorescein diacetate (DCF) was performed. An increase in the level of ROS was observed around the flower AZ following induction of abscission by flower removal (Figures 7A to 7D ). The level of ROS accumulation was also examined in exposed cells on the surface of the distal or proximal sides of the AZ fracture: Staining with DCF was performed at the very late stage, around 10 to 14 h following abscission induction, at which time pedicel abscission is estimated to be executed (Meir et al., 2010) . The two AZ sides of the pedicel were separated, and the exposed fracture planes were immediately stained with DCF. As a control, noninduced pedicel AZ tissue was subjected to forced separation, resulting in fracture at the expected site of separation in the AZ. A higher level of ROS was observed in cells on the surface of the exposed AZ fractures following induction of abscission ( Figures 7F and 7H ) compared with the control tissue in which abscission was not induced (Figures 7E and 7G) . A significantly higher ROS staining was visualized on the distal AZ fracture plane ( Figure 7H ) compared with that observed on the proximal AZ surface ( Figure 7F ).
NADPH oxidase is involved in ROS production during plant stress responses (to biotic and abiotic stress) and during PCD (Torres et al., 2002; Torres and Dangl, 2005) . Expression of the tomato NADPH oxidase gene RBOH1 was measured in the flower AZ using quantitative RT-PCR analysis and was found to be specific to the AZ tissue and induced primarily in the late stage of abscission, 8 h after flower removal ( Figure 7I ).
Leaf and Flower Abscission Is Retarded in Transgenic Plants That Overexpress Antiapoptotic Proteins
If PCD is indeed involved in the abscission process, as hypothesized, we expect repression of abscission in plants expressing genes that prevent PCD, such as the fall armyworm (Spodoptera frugiperda) inhibitor of apoptosis protein, Sf IAP. Members of the IAP family function as cell death suppressors in eukaryotes (Deveraux and Reed, 1999; Yang and Li, 2000) . Two independent tomato transgenic lines, IAP-1 and IAP-3 , were analyzed for their effect on the abscission process. A clear delay in abscission progression was measured in both IAPoverexpressing tomato lines in comparison to their respective wild-type controls (Figure 8 ). When petiole abscission was monitored following induction by leaf deblading and ethylene treatment, the delay in abscission was more pronounced, by up to 8 d following induction of abscission. At this time point, petiole abscission was delayed by >50% in the transgenic plants compared with the wild type ( Figure 8A) . In experiments comparing pedicel abscission rates between the overexpressing lines and their respective wild-type controls, a clear and reproducible delay of pedicel abscission was observed ( Figure 8B ).
Overexpression of an unrelated antiapoptotic protein was also examined for its effect on abscission: Overexpression of the p35 gene has been reported to inhibit PCD in tomato (Lincoln et al., 2002) . Advancement of pedicel abscission was monitored and compared between wild-type and p35-transgenic plants. This analysis revealed a clear retardation of pedicel abscission in the p35-transgenic line, which was ;50% lower than that in the respective tomato wild type ( Figure 8C ).
Abscission-Associated Genes Are Differentially Expressed on the Proximal and Distal Sides of the Flower AZ
We tested whether the asymmetry between the proximal and distal sides of the AZ also occurs in the expression of genes previously reported to be associated with abscission. The overall kinetics of expression of the two tomato abscission-related polygalacturonase (TAPG) genes, TAPG1 and TAPG4, during pedicel abscission was very similar to that reported previously (Kalaitzis et al., 1997; Meir et al., 2010) . However, they were also expressed at a significantly higher level in the proximal side of the AZ ( Figures  9A and 9B) , where PCD was not observed to occur (Figure 4) . On the other hand, expression of the tomato cellulase (b-1,4-endoglucanase) gene Cel1, involved in cell wall metabolism, and of the 1-aminocyclopropane-1-carboxylic acid synthase gene ACS (TOMACS), involved in ethylene biosynthesis, was found to be significantly higher on the distal side of the AZ (Figures 9C  and 9D ). Based on the association between LX expression and PCD processes (Lers et al., 1998; Lehmann et al., 2001) , we raised the hypothesis that during abscission, PCD, involving LX, occurs and is required for normal progression of abscission (Lers et al., 2006) . Previous observations in a variety of plants, including Prunus persica, Chamelaucium uncinatum, Pelargonium 3 Hortorum, and Diospyros kaki, support the hypothesis that cells immediately adjacent to the AZ might lose viability (Evensen et al., 1993; Tirlapur et al., 1995; van Doorn and Stead, 1997; Roberts, 2000; Kitajima et al., 2003; Macnish et al., 2005) . We demonstrated the occurrence of PCD by the identification of several hallmarks of the process. Interestingly, nuclear morphology changes ( Figure  4) , as well as the induction of the LX protein ( Figure 3D ) and nuclease activity ( Figure 6B ), were only visualized in cell layers on the distal side of the AZ, indicating that PCD is localized and restricted to the edge of the leaf petiole or flower pedicel. Clear evidence of different processes occurring on the distal and proximal sides of the leaf AZ was also visualized by transmission electron microscopy analysis, which revealed several markers generally associated with cell disruption and cell death only on the distal side of the AZ fracture ( Figure 5) .
Based on the observed ultrastructural changes (Figures 5H to 5K; see Supplemental Table 1 online), the type of PCD that occurs in the AZ cannot be confidently predicted (van Doorn et al., 2011) . Several features of vacuolar PCD (e.g., formation of small lytic vacuoles and rupture of the tonoplast) were recorded; by contrast, the process was relatively fast and cell corpses remained largely unprocessed, which are characteristics of necrotic PCD (van Doorn et al., 2011) . Although detachment of plasma membrane from the cell wall, a typical sign of necrosis (van Doorn et al., 2011) , was observed in some AZ dying cells, usually the plasma membranes did not rupture; accordingly, there was no shrinkage of the protoplast. Several PCD morphologies and regulatory genes overlap and are observed, for example, in both apoptosis and autophagy, thus further complicating matters.
In addition, some features that are not typical of plant PCD were detected. Among them, the widening of the ER lumen was notable ( Figure 5I ): This phenomenon has been reported in virusinfected Thlaspi arvense (Hoefert, 1975) and in response to accumulation of misfolded proteins in Phaseolus lunatus cells (Sparvoli et al., 2000) . The accumulation of type IV collagen in dilated ER leads to apoptosis in Hsp47-knockout mouse embryos via induction of CHOP (Marutani et al., 2004) , and dilated ER has been suggested to enhance the misfolding of pro-insulin molecules (Despa, 2009 ). The precise role of the dilated ER during abscission is currently unknown. An additional interesting observation was that chloroplasts located distal to the point of fracture initiation were swollen with numerous plastoglobuli, as has been reported for senescing chloroplasts (Guiamet et al., 1999; Ghosh et al., 2001) .
Induction of different nuclease and protease activities has been associated with the occurrence of PCD (Ito and Fukuda, 2002; Lam, 2008; Aleksandrushkina and Vanyushin, 2009; Reape and McCabe, 2010; Woltering, 2010) . Our observations, including those reported here ( Figure 6 ) and the previously described activation of the promoter of the BFN1 nuclease gene in abscission (Farage-Barhom et al., 2008) , indicate involvement of nucleases and proteases with abscission possibly having a role in the documented PCD. Furthermore, protease-encoding genes were previously shown to be induced in AZs during abscission in other plants (Helm et al., 2008; Tripathi et al., 2009) , including induction of a PCD-associated metacaspase gene (CastilloOlamendi et al., 2007) .
ROS are key components in plant PCD associated with developmental processes and environmental stress responses (Van Breusegem and Dat, 2006; Gadjev et al., 2008) . NADPH oxidase has been established as a key enzyme for ROS production in plants' responses to biotic and abiotic stresses and during PCD (Torres et al., 2002; Torres and Dangl, 2005) . Our results indicate involvement of both ROS accumulation and NADPH oxidase gene induction in the AZ PCD (Figure 7) . Hydrogen peroxide (H 2 O 2 ) was previously shown to be involved in in vitro-induced abscission in Capsicum (Sakamoto et al., 2008) . Application of ROS scavengers or an inhibitor of NADPH oxidase resulted in delayed abscission (Sakamoto et al., 2008) . Several studies have shown induction during abscission of antioxidative components (Henry et al., 1974; Wang et al., 2005; Meir et al., 2006 Meir et al., , 2010 Cai and Lashbrook, 2008) ; however, its causal relationship with the observed ROS induction in the AZ awaits clarification.
While PCD is clearly associated with abscission, further research is required to establish the relationship between the observed PCD and the underlying regulatory mechanisms and execution of abscission. A possible link could be ethylene, which is known to have a significant regulatory role for both abscission and PCD Taylor and Whitelaw, 2001 ; Trobacher, Leaf petiole (A) and flower pedicel (B) abscission in two independent transgenic plants overexpressing the IAP gene compared with that measured in the respective Rutgers wild type (WT). Flower pedicel abscission in plants overexpressing the P35 IAP gene compared with that measured in the respective asc wild type (C). Leaf abscission experiments were performed with plants developing six to eight leaves. Petiole abscission of the first leaf was induced by leaf deblading, followed by exposure to ethylene for 24 h. Pedicel abscission was induced by flower removal. Error bars correspond to 6SD.
2009). Ethylene regulates the late stage 3 of abscission; however, the specific tissue in which it is produced is not known. It is possible that biosynthesis of abscission-related ethylene occurs in the cells located in the distal side of the AZ. Our observation that the ACS transcript, associated with ethylene biosynthesis, is accumulated to a higher level in the distal side of the AZ compared with the proximal side ( Figure 9D ), is in accordance with this possibility. Coupling between the elevated ethylene biosynthesis in those AZ distal cells and the PCD process may exist. In such a case, inhibition of PCD would result in a lower level of ethylene biosynthesis and a delay in the progress of abscission. Experiments are underway to examine this hypothesis.
Abscission Is Impeded in Transgenic Plants Overexpressing Antiapoptotic Proteins
Members of the IAP family function as cell death suppressors in eukaryotes (Deveraux and Reed, 1999; Yang and Li, 2000) . IAPs share a conserved domain (BIR), which binds caspases in mammals and is required for antiapoptotic activity. The possibility of limiting the advancement of plant PCD processes by heterologous overexpression of antiapoptotic genes has been reported (Dickman et al., 2001) . Expression of the fall armyworm IAP-encoding gene has been shown to inhibit apoptosis in human cells and to be a specific inhibitor of mammalian caspase-9 (Huang et al., 2000) . Overexpression in plants of the antiapoptotic proteins Sf IAP or P35 has been found to inhibit PCD, which is otherwise induced in response to abiotic stresses and to confer elevated tolerance toward these stresses (Lincoln et al., 2002; del Pozo and Lam, 2003; Danon et al., 2004; Wang et al., 2009; Wijayanto et al., 2009; Kabbage et al., 2010; Li et al., 2010) . We observed a significant delay of both leaf and flower abscission in plants overexpressing these very different antiapoptotic proteins, Sf IAP and P35 (Figure 8 ). These results support the hypothesis that the normal progress of the observed PCD in the AZ is functionally involved in the abscission process. Tissues were sampled at the indicated time points following flower removal for abscission induction from either the proximal or distal side of the flower AZ, and extracted RNA was used for quantitative real-time PCR. Error bars correspond to 6SD. The accession IDs for the examined genes are as follows: Cel1, U13054; TAPG1, AF001000; TAPG4, U70481; and ACS, M34289.
[See online article for color version of this figure. ] Differences between the Tissues Localized Proximal and Distal to the AZ PCD as well as the expression of LX, TBN1, Cel1, and ACS genes are induced on the distal side of the AZ ( Figures 3E, 3F , 4, 6C, 9C, and 9D), indicating an asymmetry between the cells on the two opposite sides, which may be involved in the late execution stage of abscission. The induction of cell wall hydrolase activity has long been known to be a dominant feature of this execution stage. Previous observations are consistent with the differential expression patterns of abscission-related cell wall hydrolase genes in tissues located on the two sides of the AZ Lashbrook et al., 1994; del Campillo and Bennett, 1996; Hong et al., 2000; Wang et al., 2005) . However, unlike the above-mentioned genes, the cell wall PG genes TAPG1 and TAPG4 were asymmetrically expressed during flower abscission, with stronger expression on the proximal side of the AZ ( Figures 9A and 9B) .
PGs are thought to be responsible for the degradation of pectin in the cell wall and middle lamella of plant cells and are encoded by a multimember gene family (Kalaitzis et al., 1997; Gonzá lez-Carranza et al., 2002 Kim et al., 2006) . Inhibition of the PG gene expression results in inhibition of abscission and dehiscence (Jiang et al., 2008; Ogawa et al., 2009) . Cellulases are also thought to be involved in cell wall degradation during abscission, and inhibition of the tomato cellulase gene expression results in partial inhibition of abscission (Lashbrook et al., 1998; Brummell et al., 1999) . However, when the tomato Cel1 was silenced, alone or in combination with Cel2, no effect on abscission was observed (Jiang et al., 2008) . The significance of the observed opposite differential expression of the TAPGs and Cel1 between the distal and proximal sides of the flower AZ ( Figures 9A to 9C) is not yet understood. It is possible that the Cel1 gene is specifically involved in the observed PCD process on the distal side of the AZ, while other members of the cellulase family are involved in cell wall metabolism during cell separation in the AZ. Expression of cellulase genes has been associated with PCD processes (Kawase, 1979; del Campillo et al., 2004; Evans, 2004; Shani et al., 2006; Gunawardena et al., 2007) .
The underlying details specifying the differences between proximal and distal AZ tissues with respect to abscission-related processes are not yet clear. It is clear that differences do exist and that the occurrence of PCD on the distal side is likely to be relevant. The asymmetry observed between the tissues on either side of the AZ is also supported by the observed cellular structure and morphology of the proximal tissue, which shows extensive membrane trafficking associated with an elaborate plasmodesmal system (Figure 6 ). Similar observations were reported in early studies on abscission of tobacco and tomato flowers Valdovinos, 1967, 1968) . However, the membrane invaginations in the leaf AZ of Phaseolus vulgaris (Webster, 1973) have gained renewed attention of late, with regard to their association with multivesicular bodies (MVBs) and PBs. MVBs are redirected to the plasma membrane, where they release their contents, including internal vesicles captured in PBs, into the extracellular space by membrane fusion (reviewed in An et al., 2007) . Similar structures have been recently described during Arabidopsis floral organ abscission (Liljegren et al., 2009 ). The authors proposed that the protein NEVERSHED, which colocalizes with these compartments, is required for cell separation. In addition, MVBs and PBs have been shown during embryogenesis (Goh et al., 2007) as well as in virus-induced local lesions (McMullen et al., 1977) and barley (Hordeum vulgare) leaf cells upon fungal infection . It has been suggested that MVBs and PBs participate in the secretion of building blocks for cell wall appositions . Here, we showed the occurrence of PBs in cells on the proximal side of the AZ fracture ( Figures 5E  and 5F ), which might play a similar role during the development of a protective layer at the surface of the exposed tissue, following the release of cells at the site of leaf detachment from the plant body. MVBs might deliver endocytosed cell wall material to the cell surface, where its rapid deposition then occurs through the PBs.
In conclusion, our data show that both PCD and LX expression are clearly associated with the abscission process, both in leaves and flowers, primarily during the terminal stages when cell separation is executed. LX expression is required for the normal progression of organ abscission. Our observations showing that when plants overexpress cytoprotective antiapoptosis genes, abscission is impeded support involvement of PCD in abscission. Since LX is associated with PCD, it is reasonable to hypothesize that normal levels of LX are required for PCD to occur, which in turn is required for the normal progress of abscission.
METHODS
Plant Growth Conditions and Treatments
Tomato (Solanum lycopersicum cv VF36) was used throughout this study unless otherwise specified. Tomato seeds were germinated on perlite support at 288C in the dark, and after 3 d, seedlings were transferred to the light. When cotyledons were fully developed, the seedlings were transferred to 300-mL containers filled with HR1 artificial soil (Hagarin Ltd.). The plants were grown in either a greenhouse under a controlled temperature of 258C and natural daylight or in growth chambers at 258C and a 16/8-h day/night cycle. For auxin treatment, detached leaves were immersed in water containing 200 mM of the synthetic auxin 2,4-D and 0.1% (v/v) Tween 80 for 30 min. Ethylene application was performed by incubating the detached leaves in sealed transparent Perspex containers fitted with inlet and outlet ports and connected to a flow-through system. Air (control) or 5 mL/L ethylene in air was bubbled through sterile water to maintain humidity and then continuously flowed through the jars at a rate of 100 mL/min. For the combined hormone treatment, ethylene flow was applied 24 h after the auxin pretreatment to allow auxin action before ethylene application.
Abscission was induced by removing either the flower or the leaf blade as previously described Lers et al., 2006; Meir et al., 2006 Meir et al., , 2010 . Leaf abscission experiments were performed in planta. For induction, the leaf blades of up to four bottom leaves were removed with a sharp razor, leaving most of the petioles intact. For abscission acceleration, ethylene was applied 36 h later to the debladed tomato plants by placing them for 24 h in sealed containers as described above. In experiments designed to follow flower abscission, flowers at similar levels of development were used. A day before the experiment, all opened flowers were removed from the plants, and only flowers that opened the night before the initiation of the experiments were used. Young flowers that had not reached full opening were also excluded. Induced-abscission experiments in flowers were performed either in planta or in vitro using detached clusters of flowers kept in water throughout the experiments (Meir et al., 2010) . In both systems, flowers were cut at their base with a sharp razor to induce pedicle abscission. When full separation of the abscising organ did not occur, completion of pedicel or petiole abscission was performed by carefully touching the edge of the examined tissue.
SDS-PAGE, Immunoblot Analyses, and Enzyme Activity Gel Assays
Proteins for immunoblot analysis were extracted from nine 7-mm-diameter leaf discs or from 30 pooled stem segments (1 to 2 mm long, total of ;30 mg). The tissue was homogenized in the presence of 150 mL extraction buffer (50 mM Tris-HCl, pH 7.5, 0.1% [w/v] SDS, 10% [w/v] polyvinylpyrrolidone, and 1 mM phenylmethylsulfonyl fluoride) in a microtube by means of a fitted pestle and a motorized drill. Following 15 min of centrifugation at 48C, the soluble protein extract was assayed for protein content by Bradford assay (Bio-Rad) and stored at 2808C. Protein extracts of 5 to 10 mg were mixed with sample buffer and boiled for 5 min before separation on a 15% SDS-polyacrylamide gel (Laemmli, 1970) . Separated proteins were blotted onto nitrocellulose membranes with a gel blotter (Bio-Rad). Membranes were blocked with a solution containing 5% (v/v) nonfat milk and 0.1% Tween 20 in Tris-buffered saline for 60 min. The anti-LX serum (Lers et al., 2006) was diluted 1:2000 in the blocking solution and incubated with the membrane for 12 to 16 h at 48C. The membrane was washed for 30 min in several changes of Tris-buffered saline containing 0.1% Tween 20. The secondary antibody was goat antirabbit IgG:horseradish peroxidase conjugate (Bio-Rad), which was diluted 1:50,000 in blocking solution and incubated with the membrane for 1 h at room temperature. For signal detection, the EZ-ECL chemiluminescent kit (Biological Industries) was used. Activity gel assays for the identification of nuclease and protease activity following SDS-PAGE were performed as described previously (Jiang et al., 1999; Lers et al., 2001 ). Proteins were extracted from the AZ-containing tissue or separately from the distal and proximal tissues relative to the AZ fracture at a late stage of abscission and subjected to the activity gel assay. As a control, proteins were extracted from nearby pedicel tissue.
Quantitative Real-Time PCR and Microarray Analyses
Flower samples for AZ and NAZ tissues were collected as described above. Total RNA was isolated using the Spectrum plant total RNA kit (Sigma-Aldrich) and treated with TURBO DNase (Ambion) according to the manufacturer's instructions. RNA was reverse transcribed with the ReverAid first-strand cDNA synthesis kit (Fermentas) using oligo(dT) primers. The quantitative real-time PCR was performed with a Corbett Rotor-Gene 3000 (Corbett Life Research) using Absolute blue QPCR SYBR green mix (Thermo Scientific) and gene-specific primers. The primers were designed using PrimerQuest software (http://eu.idtdna. com/Scitools/Applications/Primerquest/) and are listed in Supplemental Table 2 online. Expression values were normalized to the individual expression of the actin gene. To analyze LX ribonuclease during leaf abscission, the AZs were separated into proximal and distal parts, and thin layers of tissue were excised from each using a scalpel and frozen in liquid nitrogen. Samples were homogenized in Tissuelyser (Qiagen). RNA was extracted using the RNeasy Micro kit (Qiagen), and cDNA was synthesized using the High Capacity cDNA archive kit (Applied Biosystems). The quantitative real-time PCR was performed in an ABI PRISM 7900 HT Fast Real-Time PCR (Applied Biosystems) with the primers listed in Supplemental Table 1 online using SYBR green (Applied Biosystems). LX expression was normalized relative to its expression in intact controls and the expression of a reference gene, COX (for cytochrome oxidase). The expression data were analyzed by the relative standard curve method using the DD cycle threshold method (Livak and Schmittgen, 2001) . All experiments were carried with nontemplate control and repeated for three biological experiments. Microarray analysis of gene expression in flower AZ and the effect of 1-MCP and IAA treatments were extracted from the AZ microarray analysis performed as described by Meir et al. (2010) .
Transmission Electron Microscopy
At 0, 4, 24, and 48 h after the 24-h ethylene treatment, treated and untreated control plants were sampled. Samples of untreated plants were taken at different times of the day to minimize the influence of the circadian rhythm. Blocks of tissue with the longest side measuring ;2 mm, containing the AZ, were fixed in 3% (w/v) glutaraldehyde (in 0.08 M phosphate buffer, pH 7.2) and postfixed for 12 h in 1% (w/v) osmium tetroxide in the same buffer. Embedded samples (agar 100 resin) were cut into ultrathin sections (70 to 90 nm) and stained in a 3% (w/v) water solution of uranyl acetate and water solution of lead citrate. Samples were observed with a CM 100 transmission electron microscope (Philips) operating at 80 kV, and images were recorded with a Bioscan CCD camera using Digital Micrograph software (Gatan).
Tissue Staining with EB, DAPI, and DCF AZ and adjacent tissues were isolated from control or abscission-induced tomato leaves or flowers. After the indicated induction time, longitudinal sections were cut with a sharp razor blade to obtain a lateral view of the AZ. In addition, top-view images of the AZ plane were obtained to observe the fracture plane tissue located proximal and distal to the AZ cell layers, by applying gentle force to separate the AZ. The different dyes were applied on fresh tissue. Fluorescent dyes were diluted in phosphate buffer (50 mM) and visualized using an Olympus IX81 inverted confocal laser scanning microscope (Fluoview 500) or an MZ FLIII binocular microscope (Leica Microsystems). Pictures were taken using a Leica DC200 digital imaging system. Nuclei were stained using DAPI (SigmaAldrich) and observed following UV excitation. Staining for ROS was performed using DCF (Sigma-Aldrich) with excitation at 488 nm and emission at 515 to 540 nm. Cell viability was evaluated by EB staining (Baker and Mock, 1994) . Tissues were stained in a 0.1% (v/v) aqueous solution of EB for 3 min and washed for at least 30 min, with frequent water changes.
Histological Tissue Section Preparation for TUNEL Assay and LX Immunolocalization
Leaf AZs were sampled by excising segments of stem with leaf petioles at different times from the start of abscission induction. Samples were fixed in FAA (3.7% formaldehyde, 50% ethanol, and 5% glacial acetic acid, [v/v] ) overnight at 48C, dehydrated in a series of ethanol and tertiary butyl alcohol, embedded in Paraplast Plus (Sherwood Medical), and sectioned longitudinally on a rotary microtome (Autocut 2040; Reichert-Jung).
Detection of Nuclear DNA Fragmentation by TUNEL Assay TUNEL assay was performed on Paraplast Plus-embedded tissue sections using an ApopTag Fluorescein In Situ Apoptosis Detection Kit (Chemicon International), essentially following the manufacturer's protocol. Briefly, rehydrated sections were treated with 125 mg/mL pronase E (Sigma-Aldrich) for 30 min at room temperature, incubated in a mixture of digoxigenin-labeled deoxynucleotides and terminal deoxynucleotidyl transferase for 60 min at 378C, followed by incubation with fluoresceinlabeled antidigoxigenin antibodies. Slides were washed with phosphatebuffered saline and mounted in FluoroMount (Sigma-Aldrich) with 600 nM DAPI. The fluorescein-labeled nuclei were observed with blue-light excitation (excitation 450-to 490-nm band-pass; emission 515-nm long-pass), and DAPI fluorescence of all nuclei was observed with UV excitation (excitation 365/12-nm band-pass; emission 397-nm long-pass) and photographed with the AxioCam HRc color digital camera (Carl Zeiss Vision).
LX Immunolocalization
Paraplast Plus-embedded tissue sections were placed on Superfrost Ultra Plus slides (Menzel-Glä ser). Sections were dewaxed in xylene and rehydrated in an ethanol series to distilled water. Antigen retrieval was performed by incubating slides in sodium citrate buffer (10 mM sodium citrate, pH 6.0) for 15 min in a boiling water bath and washed gently in running tap water. Sections were incubated in blocking solution (13 TRIS buffered saline, pH 7.6, 1% [w/v] BSA, 0.025% [v/v] Triton X-100, and 5% [v/v] normal goat serum) for 1 h at room temperature. Blocking solution was then replaced with anti-LX serum (Lers et al., 2006) diluted 1:10 5 in blocking solution and incubated overnight at 48C. Preimmune serum was used instead of anti-LX serum for negative controls. Sections were washed the next day in 13 TRIS buffered saline for 5 min, followed by three washes in distilled water with 0.2% Tween 20. Sections were then incubated with alkaline phosphatase-labeled anti-rabbit antibodies (Jackson ImmunoResearch), diluted 1:1000 in blocking solution, for 1 h at room temperature, followed by washing as above. Staining was developed in nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate substrate solution (Roche Diagnostics) following the manufacturer's instructions, washed with water, dehydrated quickly through an ethanol series and xylene, and mounted in Permount (Electron Microscopy Sciences). The purple precipitate at the sites of primary antibody binding to LX protein was photographed using a Zeiss AxioImager Z1 microscope and AxioCam HRc color digital camera.
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